Hydrogen bonds between backbone amide groups of enzymes and their substrates are often observed, but their importance in substrate binding and/or catalysis is not easy to investigate experimentally. We describe the generation and kinetic characterization of a backbone amide to ester substitution in the orotidine 5′-monophosphate (OMP) decarboxylase from Methanobacter thermoautotrophicum (MtOMPDC) to determine the importance of a backbone amide-substrate hydrogen bond. The MtOMPDC-catalyzed reaction is characterized by a rate enhancement (∼10 17 ) that is among the largest for enzyme-catalyzed reactions. The reaction proceeds through a vinyl anion intermediate that may be stabilized by hydrogen bonding interaction between the backbone amide of a conserved active site serine residue (Ser-127) and oxygen (O4) of the pyrimidine moiety and/or electrostatic interactions with the conserved general acidic lysine (Lys-72). In vitro translation in conjunction with amber suppression using an orthogonal amber tRNA charged with L-glycerate ( HO S) was used to generate the ester backbone substitution (S127 HO S). With 5-fluoro OMP (FOMP) as substrate, the amide to ester substitution increased the value of K m by ∼1.5-fold and decreased the value of k cat by ∼50-fold. We conclude that (i) the hydrogen bond between the backbone amide of Ser-127 and O4 of the pyrimidine moiety contributes a modest factor (∼10 2 ) to the 10 17 rate enhancement and (ii) the stabilization of the anionic intermediate is accomplished by electrostatic interactions, including its proximity of Lys-72. These conclusions are in good agreement with predictions obtained from hybrid quantum mechanical/molecular mechanical calculations.
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enzymology | cell-free translation | unnatural protein residue | flexible tRNA acylation ribozyme E lucidation of the structural strategies by which enzymes achieve their large rate enhancements is essential for understanding the evolution of enzymatic catalysis as well as facilitating the design of enzymes to catalyze novel reactions. Typically, the possible strategies are identified by high-resolution X-ray structural analyses, in which a stable mimic of a reactive intermediate or rate-determining transition state is bound in the active site. Then, site-directed mutagenesis is used to generate substitutions, in which the important interactions are removed or altered, with kinetic analyses and structural studies of the mutant enzymes allowing the importance of the interaction to be assessed. Indeed, for nearly 30 y, this approach has been used to evaluate the importance of interactions involving amino acid side chains. However, structural studies of many enzymes reveal the presence of hydrogen-bonding interactions between a backbone amide group donor and a heteroatom acceptor in the substrate. Such an interaction can contribute to catalysis by increasing in strength as the basicity/proton affinity of the acceptor is increased as the reaction coordinate is traversed (1) . Perhaps the best known example of such an interaction is the oxyanion hole in serine proteases, in which the substrate peptide carbonyl group is converted to an anionic tetrahedral intermediate (2) . However, the importance of the presumed enhanced hydrogen-bonding interaction between the oxyanion hole and the substrate/intermediate has not been directly evaluated because of the difficulty in mutating the backbone amide group donor and/or the substrate acceptor.
OMP decarboxylase (OMPDC) provides an another important example of a hydrogen bonding interaction between a backbone amide group and a hydrogen bond acceptor in the substrate that has been proposed to be important for stabilizing a reactive intermediate. OMPDC is a paradigm for understanding the structural features responsible for catalytic efficiencies of enzymes, because the reaction is cofactor-independent; also, the rate enhancement (∼10 17 ) and proficiency (affinity for the transition state; ∼10 23 M) are among the largest for any enzyme-catalyzed reaction (3) . The rate enhancement is a composite of substrate destabilization and intermediate stabilization (Fig. 1A) (4) (5) (6) (7) (8) (9) (10) (11) . The pK a of the UMP product is reduced from 30 to 34 in solution to ≤22 in the active site, requiring significant stabilization of the vinyl anion intermediate (∼14 kcal/mol) (12) (13) (14) .
Significance
Orotidine 5′-monophosphate decarboxylase has attracted intense enzymological interest, because it achieves a very large rate enhancement (∼10 17 ) without the use of cofactors. Previous studies provided evidence that substrate destabilization and vinyl anion intermediate stabilization contribute to the rate enhancement. Using in vitro translation, we generated a backbone amide to ester substitution to evaluate the importance of the hydrogen bond between a backbone amide and the substrate in intermediate stabilization. The hydrogen bond contributes modestly (≤10 2 ), suggesting that the intermediate is primarily stabilized by electrostatic interactions with the active site. This study establishes a versatile method for generation of backbone amide to ester substitutions in sufficient quantities to investigate the importance of backbone amide hydrogen bonding interactions in enzyme-catalyzed reactions.
We and others have characterized structure-function relationships in the OMPDC from Methanobacter thermoautotrophicum (MtOMPDC). The structure of MtOMPDC with the potent competitive inhibitor 6-hydroxyuridine 5′-monophosphate [BMP; also known as 1-(5′-phospho-β-D-ribofuranosyl)barbiturate] reveals (i) a hydrogen bonding interaction between the backbone amide group of Ser-127 and O4 of the pyrimidine moiety and (ii) the proximity of carbon-6 to the e-ammonium group of Lys-72, the general acidic catalyst. Accordingly, two structural strategies have been proposed for stabilization of the anionic intermediate ( Fig.  1B) : (i) an enhanced hydrogen-bonding interaction between the Ser-127 backbone amide and O4 of the pyrimidine moiety of the intermediate through a carbene resonance structure (anionic charge on O4) (8, 11, 15) and (ii) electrostatic interactions between the anionic charge on carbon-6 with the e-ammonium group of Lys-72 (4, 9) . Both are challenging to test: (i) substitutions for backbone amide groups are difficult to construct, and (ii) Lys-72 is the essential general acid catalyst. We constructed the S127P mutant to evaluate the importance of the interaction of the backbone amide group with O4; the mutant has a dramatically reduced value for k cat /K M (10 6 -fold) compared with WT MtOMPDC. However, a comparison of liganded X-ray structures of the WT and S127P mutant revealed a displacement of BMP in the active site as the result of the steric interactions between the proline side chain and O4, thereby making interpretation of the importance of the interaction of the backbone amide group with O4 difficult (8) .
We now report kinetic constants for the variant of MtOMPDC in which the backbone amide group of Ser-127 is replaced with an ester group. The Ser to L-glycerate ( HO S) substitution (S127 HO S) eliminates the backbone hydrogen bond while keeping the interaction of the side chain hydroxyl group with N3 of the orotate moiety intact. However, the substitution juxtaposes the backbone ester oxygen with O4, having the potential to reduce the affinity for the substrate and/or destabilize the carbene-like resonance structure of the anionic intermediate. Using 5-fluoroOMP (FOMP) as the substrate, we found that the value of k cat is reduced ≤50-fold and that the value of K M is increased ≤1.5-fold relative to WT MtOMPDC. We conclude that the hydrogen bond between the backbone amide and O4 contributes a factor of ≤10 2 to the 10 17 rate enhancement, suggesting that the anionic intermediate is stabilized primarily by electrostatic interactions within the active site, including Lys-72. These conclusions are in good agreement with predictions obtained from hybrid quantum mechanical/molecular mechanical calculations. They also illustrate the considerable power of combining a variety of biochemical and biophysical approaches (experimental enzymology, in vitro translation, crystallography, and computation) to tackle a challenging biochemical problem and the importance of the interactions of backbone amide groups of enzymes with substrates to stabilize reactive intermediates and transition states.
Results
In Vitro Protein Synthesis. We used the H128N mutant of MtOMPDC to eliminate the possibility of general base-catalyzed hydrolysis of the backbone ester bond by the spatially proximal imidazolium group of His-128. The kinetic constants for H128N are identical to those for WT enzyme; no structural perturbation is observed in the X-ray structure (SI Appendix, Fig. S1 and Table S1 ).
In our experiments, we used the PURExpress In Vitro Translation Kit prepared from purified components from Escherichia coli (New England Biolabs). A yield of 0.22 mg/mL H128N was achieved by (i) using a synthetic gene optimized for codon use for E. coli and a low probability of forming secondary structures in the mRNA transcript (Genscript), (ii) optimizing the spacing between the ribosome binding site and the initiation codon, (iii) deleting the N-terminal 11 aa that are disordered in X-ray structure, and (iv) optimizing the amount of plasmid.
The flexible tRNA acylation ribozyme system was used to acylate an orthogonal amber suppressor tRNA with the 3,5-dinitrobenzyl ester of HO S or Ser; acylation yields were ∼40% (16-18) (SI Appendix, SI Methods). Using suppressor tRNA charged with either HO S or Ser, full-length proteins with easily measurable activities were produced by in vitro translation of the template with the amber codon (TAG) replacing the WT codon for Ser (AGC; see below) ( Fig. 2A) . In the absence of suppressor tRNA, a full-length protein with negligible activity (SI Appendix, Fig. S2 , reaction b, and Table S2 ) was produced as the result of adventitious suppression of the amber codon by glutamine (encoded by the CAG/CAA codon; S127Q; see below).
In all reactions, small quantities of the N-terminal residue 12-126 peptide were formed (Fig. 2A) ; this early termination may be explained by the incomplete acylation of the suppressor tRNA. To verify that S127 HO S is produced with suppressor tRNA charged with HO S, reactions were incubated at pH 10 and 70°C for 1 h to cleave the ester backbone (Fig. 2B ). The amount of full-length protein obtained with suppressor tRNA charged with Ser in the absence of suppressor tRNA was modestly decreased. In contrast, the amount of full-length protein obtained with suppressor tRNA charged with HO S was significantly decreased; the bands corresponding to the N-terminal residue 12-126 and the C-terminal residue 127-228 peptides of the full-length protein were produced in the expected 2:1 ratio (4 and 2 Met residues, respectively), confirming the presence of the backbone ester. The reaction components precipitate under these conditions, and therefore, enzymatic activities could not be used to verify the expected loss of activity for the S127 HO S substitution (activity was lost for the protein produced when the suppressor tRNA was charged with either HO S or Ser). (Fig. 3A) . A similar analysis of S127 HO S identified a peptide with a mass of 1,423.66 Da in high abundance, corresponding to VFLLTEM ox (S→ HO S)NPGAE (residues 120-132) (Fig. 3B) . The 1-Da difference in the masses of the peptide fragments from WT and S127 HO S is equal to the difference in the masses of serine and glycerate.
In addition, the peptide fragment corresponding to M ox SNPGAEM ox FIQGAADE (residues 126-141) was detected in high abundance in the WT protein (SI Appendix, Fig. S3A ). An analogous peptide was detected in S127 Fig. S3B ). This fragment is not the product of Glu-C hydrolysis (Glu-C cleaves after glutamate or aspartate residues) and presumably, is formed by hydrolysis of the labile ester bond between Met-126 and HO S 127 during gel staining/destaining process and before performing the MS analysis. Thus, the detection of this fragment provides strong evidence for the incorporation of HO S at residue 127. The amino acid incorporated in the absence of suppressor tRNA was identified as glutamine (i.e., S127Q) (SI Appendix, Fig. S4 ). Analysis of the protein produced in the Ser-suppressed control showed the presence of peptides containing both Ser and Gln at the 127th position (WT and S127Q) (SI Appendix, Fig. S5 ). Analysis of the HO S-suppressed control detected the presence of only HO S at the 127th position, suggesting the production of a negligible amount of S127Q when the HO S-charged suppressor tRNA was used. This conclusion is also supported by the nearly complete hydrolysis of the full-length S127 HO S protein (Fig. 2) , suggesting that the majority of the protein produced in the presence of suppressor tRNA charged with L-glycerate contains an alkalilabile ester linkage. Kinetic Analysis of in Vitro-Synthesized Proteins. The in vitro translation reactions were assayed using FOMP, because it is ∼500-fold more reactive than OMP due to the electron-withdrawing substituent that stabilizes the anionic intermediate (19) . In this way, the values of k cat , K M , and k cat /K M could be determined by following the reactions to completion for the in vitro-expressed WT (H128N), WT (H128N) expressed in the Ser-suppressed reaction, and S127 HO S. The kinetic constants are displayed in Table 1 . WT (H128N) produced by in vitro translation using a plasmid template with the Ser codon has values of k cat and K M similar to those for the WT (H128N) expressed in and purified from E. coli, confirming the integrity of in vitro-produced enzyme. The protein produced in the absence of a charged suppressor tRNA (S127Q; see above), the expected contaminant in reactions using suppressor tRNA charged with Ser or HO S, represents the upper limit of contaminating activity present in proteins produced by amber suppression using amber tRNA; this activity is negligible (SI Appendix, Fig. S2 , reaction b and Table S2 ). This control rules out the possibility that the activity measured for either the WT protein produced by suppression with Ser or S127 HO S produced by suppression with HO S is the result of a catalytically active contaminant produced by the components of the in vitro translation reaction.
Furthermore, as described above, we observed that Gln is incorporated in the absence of suppressor tRNA. This incorporation is easily explained: the amber codon is TAG, and the codons for Gln are CAG/CAA. We prepared the S127Q mutant from a strain of E. coli in which the gene encoding OMPDC is disrupted: the value of k cat /K M for the S127Q is 2.4 × 10 2 M −1 s −1 , significantly lower than those measured for the proteins produced by suppressor tRNA charged with either HO S (S127 HO S) or Ser (SI Appendix, Table S3 ).
The value of k cat for WT (H128N) produced using suppressor tRNA charged with Ser is twofold less than that measured for WT (H128N) produced using a plasmid template with the Ser codon; this decrease can be explained by the presence of the adventitious, catalytically inactive S127Q detected in our MS analysis (SI Appendix, Fig. S5 ). The value of k cat for S127 HO S produced using suppressor tRNA charged with HO S (6.7 s ) is reduced 50-fold from WT (H128N) produced using a plasmid template with the Ser codon and 25-fold from the WT (H128N) produced using suppressor tRNA charged with Ser (Table 1) . Our MS analysis of S127 HO S did not detect S127Q, and therefore, the upper limit on the reduction in activity associated with the amide to ester substitution is 50-fold; assuming that S127 HO S contains the same amount of S127Q as the WT control, the reduction in activity is 25-fold. Irrespective, we conclude that the activity of S127 HO S is significant and associated with the amide to ester substitution.
The value of K M for S127 HO S (140 μM) is elevated threefold from that measured for WT (H128N) produced using a plasmid template with the Ser codon and identical, within error, to that measured for WT produced using suppressor tRNA charged with Ser. We conclude that binding of the substrate is not significantly perturbed by backbone ester-O4 interaction that results from the amide to ester substitution.
Hybrid Quantum Mechanical and Molecular Mechanical Studies. We carried out molecular dynamics simulations using a combined quantum mechanical and molecular mechanical (QM/MM) potential to dissect the effects of the backbone ester substitution on catalysis. The approach has been validated previously and applied to the WT MtOMPDC (5). The free energy profiles for WT and S127 HO S mutant are depicted in Fig. 4A . The free energy barrier was calculated to be 4.3 kcal/mol greater for S127 HO S than for the WT enzyme.
The charge distribution of the carbanion intermediate of the decarboxylation reaction is highly delocalized over the entire pyrimidine ring in the active site of OMPDC, with an average partial atomic charge of only −0.22 a.u. on the C6 position from Mulliken population analysis as well as electrostatic potential fitting (SI Appendix, Tables S4 and S5 ). The remaining charge density is distributed to the C5H and C4O4 groups, with net charges of −0.36 and −0.26 a.u., respectively, and the rest is distributed to the nitrogen sites. Although this seems to be consistent with a carbene-like structure at the C6 position, its relatively small net charge is a result of combined effects of π-conjugation and σ-delocalization (evidenced by the negative charge at C5). In contrast, the anionic charge is primarily localized on the carboxylate group of OMP in the Michaelis complex state. Thus, the relief of electrostatic stress of the charge-localized reactant state, caused by interaction with the Asp residue in the active site, provides a significant contribution to the rate acceleration. The S127 HO S substitution has the largest effects on the carbanion intermediate, with a net electron density shift of 0.03 a.u. from the O4 carbonyl oxygen to the C6 atom through π-conjugation compared with the WT OMPDC. We attribute this charge shift to the negative impact of the lone pair electron density of the ester oxygen in the S127 HO S mutant. Nevertheless, the effect of the backbone mutation on the charge redistribution of the pyrimidine ring is relatively small, consistent with the observation that rate reduction is modest.
The S127 HO S substitution induces significant distortion of the active site at the transition state (Fig. 4B) . In WT, the O4 oxygen of the orotate moiety of the substrate is hydrogen-bonded to the Ser-127 backbone amide, with an average donor-acceptor distance of 3.0 Å. However, the amide to ester substitution introduces an electrostatic clash with the O4, elongating the distance between O4 and the ester oxygen by 0.5 Å to an average of 3.5 Å (Fig. 4B and SI Appendix, Fig. S6 ).
We performed interaction energy decomposition analysis between the orotate moiety and residue 127 to estimate the energetic consequence as a result of the Ser to HO S backbone substitution (SI Appendix, Table S6 ). In WT, the Ser-127 backbone amide contributes 1.9 kcal/mol to transition state stabilization relative to that of the Michaelis complex. However, in S127 HO S, the interaction between orotate and the HO S backbone ester group results in a destabilizing effect of 1.4 kcal/mol in going from the reactant state to the transition state as the anionic charge is shifted from the carboxylate group into the pyrimidine ring. Therefore, in the WT enzyme, this charge redistribution is stabilized by the Ser-127 backbone amide hydrogen bond, whereas in S127 HO S, its formation is penalized by interactions with the ester oxygen atom lone pairs.
Discussion
We have successfully used in vitro translation to produce sufficient quantities of the S127 HO S substitution of MtOMPDC to allow experimental assessment of the importance of the hydrogen bond between the backbone amide group of Ser-127 and O4 of the pyrimidine moiety of the substrate. Interpretation of the experimental results together with parallel computational Table 1 . Kinetic constants for FOMP decarboxylation measured at 25°C and pH 7.1 In vitro translation using amber suppression.
predictions of the effects of the substitution on the reaction coordinate allow important conclusions about the structural strategies for stabilization of the anionic intermediate. The values of both k cat and k cat /K M for WT MtOMPDC are partially diffusion-controlled (i.e., the transition states for substrate binding and product dissociation are similar in energy to that for decarboxylation). As a result, the value of k cat underestimates the rate constant for decarboxylation of the WT•FOMP complex. Based on both the fractional inverse dependence of k cat on solvent viscosity (slope = 0.6) and a comparison of the values of k cat for both FOMP and OMP for the D70N mutant, where chemistry is rate-determining, we estimate that the rate constant for decarboxylation for the WT•FOMP complex is ∼1,000 s −1 (19) . Therefore, the ester substitution reduces the rate of decarboxylation of the S127 HO S•FOMP complex ∼150-fold. This rate reduction corresponds to an increase of ∼3 kcal/mol in the activation energy barrier, which is in good agreement with the computed increase of 4.3 kcal/mol in the free energy barrier for S127 HO S relative to the WT enzyme. In contrast, the value of K M is increased by only twofold, suggesting that the juxtaposition of O4 with the ester bond does not significantly interfere with the binding of FOMP.
Our kinetic data and calculations together establish that stabilization of the vinyl anion intermediate is decreased ∼3 kcal/mol by a combined effect of loosening the hydrogen-bonding interaction of O4 with the Ser-127 backbone amide and juxtaposing the O4 and ester functional groups. Interaction energy decomposition analysis shows that, of the ∼3-kcal/mol overall increase in the activation barrier because of the S127 HO S substitution, <2 kcal/mol may be attributed to the stabilizing effects of the hydrogen bond between O4 and the Ser-127 amide group. This energy change represents only a small contribution to the overall catalytic effect that lowers the free energy barrier of the uncatalyzed process in water by 23 kcal/mol. Because development of the O4 anion resonance structure is essential for stabilization of a carbene-like intermediate, the relatively small stabilization effects by the Ser-127 backbone amide suggest that it is unlikely to be a major resonance form for the decarboxylation intermediate. Therefore, in the context of the 10 17 rate enhancement (23-kcal/mol decrease in ΔG ‡ ), the interaction between the backbone amide and O4 provides one of several modest contributions; others include substrate destabilization by enforced proximity of the substrate carboxylate group to Asp-70 in an otherwise hydrophobic pocket (5, 8) .
We conclude that the dramatically reduced value for k cat /K M (10 6 -fold) observed for the S127P mutant (8) In contrast to prior studies of MtOMPDC reported by these laboratories, in which X-ray structures were determined for all mutant proteins (a total of 75 Protein Data Bank depositions), we were unable to obtain sufficient amounts of S127 HO S for structural characterization because of the costs associated with scaling up the in vitro translation reactions. However, the robust activity using FOMP provides compelling support for the validity of the experimental results and their interpretations.
Finally, the success of these experiments shows that in vitro translation can be used to generate sufficient quantities of backbone amide to ester substitutions to test the importance of their interactions with substrates/intermediates/transition states interactions in other enzymes (e.g., serine proteases, haloalkane dehalogenases, and enoyl-CoA hydratase) (2, 20, 21) .
Materials and Methods
OMP and FOMP were prepared using previously published chemoenzymatic synthesis (4, 19, 22) . Cell free protein synthesis kits, murine RNase inhibitor, T7 RNA polymerase, NTPs, Taq polymerase, and dNTPs were purchased from New England Biolabs.
In Vitro Protein Synthesis. In vitro protein synthesis was performed using the PURExpress In Vitro Protein Synthesis Kit from New England Biolabs (23) . Release factor-1 was omitted in all of the reactions unless stated otherwise (24, 25) . Murine RNase inhibitor was added to all reactions at a concentration of 0.8 U/μL. The concentration of template plasmid used was 5 ng/μL. The MtOMPDC H128N plasmid was used for the synthesis of WT protein. MtOMPDC S127Amber/H128N plasmid was used for in vitro protein synthesis of the S127 HO S. The flexible tRNA acylation ribozyme system was used to acylate an orthogonal amber suppressor tRNA with the 3,5-dinitrobenzyl ester of HO S or Ser. Acylation yields were ∼40% (16, 17, 26) (SI Appendix); 100 pmol amber suppressor tRNA charged with Ser or HO S was added per 1 μL in vitro protein synthesis reaction. After mixing the components, the reactions were incubated at 37°C for 4 h. After 4 h, the reactions were brought to 4°C by placing the tubes on ice.
Radioisotope labeling of in vitro-synthesized proteins was achieved by adding [ FOMP Decarboxylation Assay. The FOMP decarboxylation assays were performed using a continuous UV spectrophotometric assay as previously described (18, 19, 27) with modifications. All assays were performed at 25°C in 10 mM MOPS [3-(N-morpholino)-propane sulfonic acid] buffer and 100 mM NaCl (pH 7.1) in a 1,000-μL quartz cuvette with a path length of 10 mm; a Cary Bio 300 spectrophotometer was used for all measurements. The concentration of the FOMP stock solution was determined by measuring absorbance at 270 nm of a known dilution in 0.1 M HCl using the molar extinction coefficient of FOMP (e FOMP = 9,895 M −1 cm −1 ). Concentrations of proteins purified from E. coli (MtOMPDC H128N and S127Q) were determined by measuring absorbance at 280 nm and 25°C in 10 mM MOPS and 100 mM NaCl (pH 7.1) using the molar extinction coefficient (e 280 = 5,960). Final enzyme concentrations of 30 nM and 3.5 μM were used for H128N and S127Q, respectively. The concentration of in vitro synthesized full-length protein was determined as described elsewhere (SI Appendix). In vitro synthesized proteins were assayed by adding 5-or 10-μL aliquots of the in vitro reaction mixture in the assay, as is indicated in SI Appendix, Table S2 . The decay in absorbance corresponding to the disappearance of FOMP/formation of 5-fluoro uridine monophosphate was monitored at 300 nm (SI Appendix, Fig. S2 ). The value of k cat was determined using saturating concentrations of FOMP and measuring the initial rate of decarboxylation (V o ; corresponding to ≤5% reaction) using the rate of change in absorbance and Δe 300 of −489 M −1 cm −1 . This rate represents the V max . The k cat was calculated by dividing V max with the enzyme concentration determined previously; the value of K M was determined by following the first-order decay of decarboxylation at low FOMP concentrations (≤K M ). The decay curve was fit to a first-order decay function using nonlinear regression. The rate constant generated from this model represents V max /K M , from which the K M was calculated using the enzyme concentration and k cat determined previously.
MS Analysis of in Vitro-Synthesized Proteins. Protein bands corresponding to full-length OMPDC (SI Appendix, Fig. S7 ) were excised using a scalpel, placed in a clean Eppendorf tube, and stored at −20°C. MS analysis was conducted using a Thermo LTQ Velos ETD Pro Mass Spectrometer. Before liquid chromatography/MS/MS analysis, each protein band in its gel slice was crushed, destained, and dehydrated in 50% (vol/vol) acetonitrile containing 25 mM ammonium acetate. Glu-C digestion was performed using Staph ProteaseSequencing Grade at 1:10 (Worthington Biochemical) using a CEM Discover Microwave Reactor for 15 min at 55°C at 50 W. The digested peptides were extracted three times using 50% (vol/vol) acetonitrile containing 5% (vol/vol) formic acid, pooled, and dried using a Speedvac (Thermo Scientific). The dried peptides were suspended in 5% (vol/vol) acetonitrile containing 0.1% formic acid and applied to the liquid chromatography\MS. Control and data acquisition of the mass spectrometer were done using Xcalibur 2.2 under the data-dependent acquisition mode; after an initial full scan, the top five most intense ions were subjected to MS/MS fragmentation by collision-induced dissociation. The raw data were processed by Mascot Distiller (Matrix Sciences) and then Mascot (version 2.4). The result was searched against the MtOMPDC H128N sequence and the National Center for Biotechnology Information NR Protein database.
Hybrid QM/MM Studies. Combined QM/MM molecular dynamics simulations were performed on an OMP-MtOMPDC complex constructed on the basis of the crystal structure of the BMP-bound complex (Protein Data Bank ID code 1LOR) following the procedure reported previously (5) . The SQUANTUM implementation of the AM1 method (28) in CHARMM (29) (version c35a1) was used to model the QM region, which encompassed the entire orotate moiety. Additional details are provided in SI Appendix.
